The paper is an overview of a theory and experimental methods used in acoustic spectroscopy. Theoretical discussion about the ultrasonic relaxation process related to energy transfer between translational and vibrational degrees of freedom as well as to the existing of chemical isomerism is presented. Two basic ultrasonic measurements methods of absorption and velocity in very wide frequency range from hundreds kHz to tens GHz are described. Several experimental examples of advantage of the ultrasonic spectroscopy are also shown.
Introduction
The acoustical spectroscopy is closely connected with molecular acoustics which is the study of molecules and their interactions using elastic waves of audio frequencies (f < 20 kHz), ultrasonic frequencies (20 kHz1 GHz) and hypersonic frequencies (f > 1 GHz). When the elastic wave passes through a medium in which there exists the equilibrium, the eect on the equilibrium depends on the frequency of the wave. If the period of the elastic wave is much longer than the relaxation time for the alteration of the position of equilibrium, the later is disturbed by the wave. If the period of the wave is much shorter than the relaxation time, the wave does not see the equilibrium which consequently remains undisturbed. When the period is comparable to the relaxation time, changes in the propagation velocity and absorption coecient of the elastic wave occur. From the measurements of the changes, the relaxation time and the rate constants of the equilibrium may be determined. Since the period of elastic wave can range from 1 to 10 −10 s, a wide range of equilibria can be studied.
Sound waves in uids, classical treatment
From a macroscopic point of view, the following three factors may be expected to produce a time lag between pressure and density in a sound wave: viscosity [1] , heat conduction [2] , heat radiation [3] .
The experimental evidence indicates that in most uids the absorption is caused primarily by viscosity and heat conduction and that the eect of radiation is negligible [4, 5] . In liquids, viscosity plays the major role. In gases viscosity and heat conduction come into play about equally, but they are often overshadowed by molecular phenomena.
Deriving the formula (1) for α 1 , it was assumed by Stokes that viscous losses were absent in motion of uniform compression so that the volume viscosity η v was taken to be zero. It is now known that this is not generally true, and inclusion of the volume viscosity in the * corresponding author; e-mail: fizbl@univ.gda.pl hydrodynamic equations leads to a total viscous contri-
The dierence between the measured absorption coefcient α and the classical one as well as the frequency dependence was given the rise to creation the new branch of physics acoustic spectroscopy (investigation of acoustic relaxation processes).
Relaxation
In classical hydrodynamics the normal state equation
for the particular uid is used assuming that the state of the uid is entirely determined by the knowledge of any two variables. We have already indicated that this hy- 
In the case of acoustic relaxation α/f 2 (f ) absorption curve ( Fig. 1) can be described as follows: (2) where A, B constants, τ = τ (C p − C i )/C p , C p specic heat at constant pressure, C i specic heat of vibrational degrees of freedom (Eq. (5)).
Vibrational relaxation
For the Kneser relaxation process, e.g. exchange of energy between translational and vibrational degrees of freedom, Eq. (2) has the form
where C v specic heat at constant pressure, c 0 ultrasonic velocity for low frequency.
In the low frequency range it can be rearranged giving
The contribution of molecules vibration to the specic heat may be also calculated from the vibrational energies distribution (frequencies ν i ) using the PlanckEinstein formula [6] :
where g degree of degeneration, ν i frequency of the i vibration mode, T temperature, h the Planck constant, k the Boltzmann constant.
Comparison of the values C i opt and C i acoust gives a possibility to decide which vibrational degrees of freedom take part at the observed relaxation process [7] . Usually all vibrational degrees of freedom take part in such a process [711] . The pressure spectroscopy proves this conclusion [12, 13] .
Isomeric relaxation
In the case when molecules can occupy two or more internal energy levels the equilibrium distribution of molecules among these levels is perturbed by the passage of a sound wave. At suciently low sound frequencies, the relatively long interval between successive cycles allows plenty of time for energy to be transferred from the ultrasound wave to the internal degrees of freedom. As the ultrasound frequency increases, a time-lag occurs between the temperature and pressure variation in the wave and the adjustment of the internal equilibrium. It leads to a maximum in the ultrasonic absorption per wavelength and a decrease in α/f 2 . Figure 2 shows the energy level diagram for a two-state equilibrium (trans-isomer and cis-isomer)
in which B is the higher energy state. Studies of liquids with ultrasonic longitudinal waves provide information on the rate constants for the forward and backward reactions, k f and k b , the free energy barrier ∆G b , and the free energy dierence between the two levels, ∆G. 
Determination of energy barriers
Whenever we have the two-state equilibrium (Fig. 2) , it is possible to assume that each reaction is unimolecular and take place in an ideal solution. The characteristic frequency f c of the equilibrium is related to the rate constants by the expression
where τ relaxation time of the equilibrium.
The theory of rate processes [14] expresses the rate constant k r of a reaction in terms of the increase in free energy ∆G on moving from the initial state to an intermediate activated state
When
1.6. Determination of the energy dierence between two states From Eq. (2) and knowing that λ = c/f we can write
For the rotational isomeric relaxation we are justied in neglecting the velocity dispersion [15, 5, 16] , which is less than 1%. The absorption per wavelength achieves a maximum when f = f c :
Acf c .
According to the theory of thermal relaxation we have
C r i determines the heat absorbed by the reaction (5) when the temperature is increased. From the denition of internal molar heat
we can derive, in the case of equilibrium
We can assume that ∆G/RT > 3. Then the term between brackets may be approximated by one, with accuracy ±5%. From Eqs. (12) and (14) we obtain even better approximation
The temperature dependence of µ max is mainly determined by the exponential term exp(−∆H/RT ). In addition it is permissible to neglect the relative variation of (κ − 1)/C p with temperature. Hence ∆H can be calculated from the slope of the plot of log (T 2 µ max ) versus 1/T . In practice, it often happens that values of C p and κ are not available over the range of temperature for which ultrasonic absorption results are available. In Fig. 3 there is presented the relaxation processes caused by isomerism in 1,1,2-trichloroethane [15] . 
Measurement systems
All the setups used for the acoustical spectroscopic measurements in chemical compounds will be described briey, as they are a standard in acoustic spectroscopy.
Pulse technique (103600 MHz)
The amplitude absorption coecient, α/f 
Estimated errors of determining the absorption coecient are in a range from 3.5% for the frequency of 400 MHz to 5% for 3600 MHz.
Measurements of the propagation velocity of ultrasound is performed in order to calculate classical absorption coecients. For these measurements an ultrasonic pulse-phase interferometer is usually used [23, 24] . The values are calculated using the formula: c = λf . 
Ultrasonic resonator (Eggers
where c L ultrasound velocity in a liquid, x distance between the transducer. power bandwidth (HPB) or 3 dB bandwidth ∆f of a particular peak and the frequency f n of that peak, αλ π = ∆f
Equation (18) yields the quality factor Q of an ideal res-onator with liquid attenuation only. The quality factor of the real resonator system Q real is inversely proportional to the total energy loss in the resonator system, which contains contribution from all kinds of energy loss in the cell such as liquid attenuation and additional losses from beam divergence, scattering, friction eects, imperfect reection at the quartz surface, transducer mounting and coupling losses. If we assume all these energy loses are additive, then the overall quality factor Q real is given by
where Q liquid quality factor due to sound absorption in the liquid, Q extra summarizes all additional energy losses in the cell mentioned before. αλ ≈ (αλ)
where ∆f s and ∆f f L ≈ f n − f n+1 . (22) Close to λ/4 frequencies of the transducer, namely f Q /2, 3f Q /2, 5f Q /2, etc. where the air backing of quartz is transformed to a very high impedance at the quartz liquid interface we can write the relation c c ref =
where c ref and δf measured values for reference liquid.
Resume
It is necessary to take into account that for very precise ultrasonic investigations of uids and liquid crystals it is indispensable to possess several spectrometers in very wide frequency range. For supplementation of these molecular investigations it is very useful to include the photoacoustic research [2830] , as well as pressure dependence of relaxation [12, 13] .
